Freeze-thaw infusion (FI) is a technique used to rapidly impregnate food materials with enzymes. We investigated whether an enzyme could penetrate both the intercellular spaces and the intracellular spaces using FI by determining the enzymatic potato starch decomposition efficiency and by assessing maltooligosaccharide production. Malto-oligosaccharide production by FI using α-amylase was dependent on time and enzyme concentration, reaching a maximum production of 6.5 g/100 g after 60 min at 1.0% (w/v) enzyme. This corresponds to an enzymatic decomposition efficiency of 76%, compared with crushed potatoes (8.5 g/100 g). Production after infusion or immersion of unfrozen potatoes was below 1.0 g/100 g and production after immersion of freeze-thawed potatoes was 3.0 g/100 g. The results indicate that FI enables efficient intracellular impregnation, which allows for efficient enzymatic decomposition of intracellular substrates, while retaining food material shape.
Introduction
Freeze-thaw infusion (FI) is a new technique for rapid impregnation of food materials with enzyme. By placing freezethawed materials in an enzyme solution under vacuum, the solution impregnates deeply inside the solid materials while retaining its original shape (Sakamoto et al., 2004; 2005) . After FI treatment, there is no need to soak in the enzyme solution. This technique can be characterized as a uniform solid phase reaction by enzymes impregnated into solid food materials.
A vegetable texture controlling technique using FI was reported in our previous papers Shibata et al., 2006) . The impregnation of macerating enzymes into vegetables uniformly decomposed the intercellular pectin and cellulose. Therefore, FI enables the adjustment of firmness throughout a food material in accordance with the enzyme concentration and reaction time. This technique is useful in producing shape-retaining softened foods for elderly persons, who consume liquid or chopped diets.
Slowly frozen materials are more suitable for FI than rapidly frozen foods. Ice crystal formation during slow freezing expands the material's cell-cell associations (Khan and Vincent, 1996; Sun et al., 2003) . Our recent study clarified that this tissue alteration induces discharge of air bubbles and water from the materials under vacuum, and subsequently the exogenous enzyme solution rapidly infiltrated the material when the pressure was returned to normal. Since the slow freezing partially damaged the material's cell walls (Sun, D.W., 2005; Mousavi et al., 2007) , the enzyme solutions are expected to impregnate the intercellular spaces as well as the intracellular spaces by FI. Various enzymatic substrates, such as polysaccharide, protein, lipid etc., are stored inside the plant cells. FI might have potential as a new food processing technology to enhance functionalization of food materials or taste components within food materials by decomposing endogenous substances without alteration of its original appearance. The objective of this study is to clarify whether an impregnating enzyme enables the direct decomposition of intracellular substances while retaining the original shape. To determine intracellular enzymatic decomposition, a commercial α-amylase, which decomposes starch to malto-oligosaccharide, was impregnated into solid potato by FI and ac-(w/v) of anhydrous sodium carboxymethylcellulose (CMC, Wako Pure Chemical Industries, Ltd., product code 039-01335) was dissolved in McIlvaine buffer (pH 5.0), and used as a substrate. 0.1 mL of enzyme solution was added to 0.9 mL of substrate solution to start the enzyme reaction. After incubating for 10 min at 40℃, the viscosity was measured by a digital viscometer DVM-EII (Toki Sangyo Co., Ltd., Tokyo, Japan). When one unit of cellulase activity was defined as the enzyme content required to decrease the viscosity by half, it was verified that 1 mg of Hemicellulase "amano" 90 exhibited an activity of 325 units.
Enzyme impregnation and enzyme reaction Impregnation of α-amylase into the potatoes was carried out in a vacuum chamber (Fig. 1) . The freeze-thawed potatoes were immersed into the enzyme solution in a glass beaker, which was placed in the vacuum chamber and immediately subjected to a vacuum of 5 kPa at room temperature. An aluminum mesh lid was placed on the potatoes to prevent them from floating in the enzyme solution under vacuum. After 5 min, atmospheric pressure was restored to complete the impregnation process. The samples were immediately removed from the enzyme solution to prevent further enzyme penetration. The samples were kept in a glass beaker covered with polyethylene wrap and left in a constant temperature oven MOV-212S (Sanyo Electric Co., Ltd., Osaka, Japan) at 50℃. After a specific time, the potatoes were steamed for 10 min to stop cumulated malto-oligosaccharide production was measured. The enzyme decomposition efficiency in the solid materials was evaluated in comparison with the normal liquid phase enzyme reaction of potato starch.
Materials and Methods
Sample preparation Potatoes from Hokkaido were purchased from a local grocery store, and used in all experiments. They were cut with a cork borer into cylinders (2 cm in diameter and 2 cm thick), steamed for 5 min and immediately cooled to room temperature in a water bath for 10 min. Any remaining surface water was wiped off and these products were used as unfrozen potatoes in this experiment.
To prepare freeze-thawed potatoes, unfrozen potatoes were placed on a polypropylene container and frozen overnight in a refrigerator-freezer CT-3213 (Nihon Freezer Co., Ltd., Tokyo, Japan) at -20℃. Frozen potatoes were then wrapped to prevent water evaporation and placed in a constant-temperature oven IL600 (Yamato Scientific Co., Ltd., Tokyo, Japan) at 20℃ for 2 h to thaw prior to use.
Crushed potatoes were prepared by grinding the freezethawed potatoes in a mortar until stickiness increased. Optical microscopic observation (Nikon OPTIPHOT-POL XTP-11, Nikon Corporation, Tokyo, Japan) showed that the cell walls were damaged and the intracellular starch was released from the cells.
Enzyme preparation Commercial α-amylase for food processing (liquefying amylase 6T) was purchased from HBI Enzymes Inc. (Hyogo, Japan) and used for decomposition of potato starch. The enzyme was dissolved in McIlvaine buffer (pH 5.0), which was prepared from a solution of 0.2 mol/ L disodium phosphate and 0.1 mol/L citric acid. The amylase activity was measured as follows. 1.0% (w/v) soluble starch (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was dissolved in McIlvaine buffer (pH 5.0), and used as an enzyme substrate. 0.1 mL of various concentrations (0.1%, 0.125% and 0.2% (w/v)) of the enzyme solution was added to 0.9 mL of substrate solution and held at 50℃ for 10 min. After the reactions, 0.2 mL of the mixtures were added to 1.0 mL of 0.1 M boric acid buffer (pH 9.0) to stop the enzyme reaction. After filtration with a 0.45 µm pore size membrane filter (DISMIC ® -25CS, Toyo Roshi Kaisha, Ltd.), maltose production in the filtrate was measured by HPLC. When one unit of amylase activity was defined as 1 µmol maltose production per 10 min, it was verified that 1 mg of liquefying amylase 6T exhibited an activity of 4.2 units. Commercial hemicellulase for food processing (Hemicellulase "amano" 90) was purchased from Amano Enzyme Inc. (Aichi, Japan) and used to decompose the cell walls of potatoes. The cellulase activity was measured as follows. 1.0% k. Shibata et al. 10AT pump, a Sil-10A autosampler, a DGU-12A degasser, a CTO-10ACxp column oven, a RID-10A refractive index detector and a Shimadzu Class-VP 5.0 chromatographic data processor was used. The analytical columns were two Shodex Sugar KS-802 columns (300 mm × 8.0 mm, Showa Denko Co.). The mobile phase was ultrapure water and the flow rate was 1.0 mL/min. The temperature of the column oven was set at 80℃. Malto-oligosaccharide was detected with an RI detector.
The extraction solution was transferred into autosampler vials (300 µL, Shimadzu) for loading into the HPLC autosampler and 20 µL samples were injected sequentially. Malto-oligosaccharide peaks were identified according to the retention time of a malto-oligosaccharide mixture standard (G1-G10 Mixture, Senshu Science Co., Ltd.). Total amounts of malto-oligosaccharide from G2 to G10 were calculated in glucose equivalent by comparing the peak area to that of glucose for which concentrations were known.
Calculation of enzyme decomposition efficiency of potato starch The enzyme decomposition efficiency was calculated as the ratio of malto-oligosaccharide production, and represented as the percentage of malto-oligosaccharide produced compared with those in the crushed potatoes.
Results and Discussion
Malto-oligosaccharide production in solid potatoes After 1.0% (w/v) α-amylase was impregnated into freeze-thaw potatoes by FI and reacted at 50℃ for 60 min, the malto-oligosaccharide production in solid potatoes was investigated. The elution patterns from HPLC analysis are shown in Fig.  2 . Only two peaks of glucose and maltose were detected in original potato, and several peaks of malto-oligosaccharides were contained in the freeze-thaw infusion potatoes. These results indicated that malto-oligosaccharide was produced after enzyme impregnation. Therefore, FI enabled a direct decomposition of intracellular substances without crashing the materials, and the enzyme decomposition products were accumulated in the solid. When enzyme solutions with concentrations adjusted to 0.1, 0.3, 0.5 and 1.0% (w/v) were impregnated and reacted for 60 min, the malto-oligosaccharide production increased along with the enzyme concentration, finally reached to 6.5 g/100 g at 1.0% (w/v) ( Table 1) . In this experiment, malto-oligosaccharide rich potatoes were produced while retaining their original shapes without adding sugars.
Comparison of enzyme decomposition efficiency Since the intracellular potato starch was directly decomposed by FI, the enzyme decomposition efficiency of FI was compared with other enzyme reaction methods. The results are shown in Fig. 3 . the reaction.
Other enzyme reactions To compare with the enzyme decomposition efficiency, four other enzyme reactions were prepared.
(1) Freeze-thaw immersion Freeze-thawed potatoes were immersed in the enzyme solution for 5 min under atmospheric pressure. After immersion, they were immediately removed from the enzyme solution to prevent further enzyme penetration. The potatoes were kept in a glass beaker covered with polyethylene wrap and placed in a constant temperature oven MOV-212S (Sanyo Electric Co., Ltd.) at 50℃. After a specific time, the potatoes were steamed for 10 min to stop the reaction. (2) Unfrozen impregnation Unfrozen potatoes were immersed in the enzyme solution and immediately placed under vacuum for 5 min. The subsequent procedure was the same as for freeze-thaw immersion. (3) Unfrozen immersion Unfrozen potatoes were immersed in the enzyme solution for 5 min and the subsequent procedure was the same as for freeze-thaw immersion. (4) Crushed Measuring flasks were used for the enzyme reaction with the crushed potatoes. A precise amount of 10 g of crushed potatoes was placed in a flask and enzyme solution was added to a total of 100 mL. The flasks were placed in a constant-temperature bath at 50℃ for a specific time. After the reaction, 1 mL of the reaction solution was transferred to microtubes and heated for 10 min in boiling water to stop the enzyme reaction.
Extraction of malto-oligosaccharide Malto-oligosaccharide was extracted from the decomposed potatoes as follows. Impregnated or immersed potatoes were packed in a re-sealable polyethylene bags after stopping the enzyme reactions and manually mashed. After the potatoes were mixed well for 5 min, a precise amount of 10 g of the mixed potatoes was placed into a round-bottom flask and purified water was added to 100 mL. To extract the malto-oligosaccharide, the mixture was left for 30 min at room temperature and 1 mL of the supernatant solution was then transferred into a microtube. The solution was centrifuged for 5 min at 10,000 rpm (Eppendorf Centrifuge 5417R, Eppendorf Co., Ltd.), and the supernatant was filtered with a 0.45 µm pore size membrane filter (Dismic ® -25CS, Toyo Roshi Kaisha, Ltd.) and a 10,000 MWCO ultrafiltration membrane filter (Nanosep 10K Omega, Pall Corporation). Finally, the filtrate, with molecular weight less than 10 kDa, was obtained as sample solution for HPLC. HPLC analysis A Shimadzu LC-10ATvp system HPLC (Shimadzu Corporation, Kyoto, Japan), equipped with an LC-could not freely decompose the starch, due to the structural limitations of the solid potatoes. These differences could affect their enzyme decomposition efficiency. Nevertheless, the enzyme decomposition efficiency achieved by FI was calculated to be 76%, which is highly efficient.
When the freeze-thawed potatoes were immersed in the enzyme solution, malto-oligosaccharide increased rapidly during the first 15 min and thereafter increased more gradually. After a 60 min reaction, the production reached 3.0 g/100 g. The enzyme decomposition efficiency was calculated to be 35%, which is less than half that of the freeze-thaw infusion potatoes. This indicates that the vacuuming process of When the crushed potatoes were treated with α-amylase, malto-oligosaccharide sharply increased during the first 5 min and thereafter increased more gradually. After a 60 min reaction, the production reached 8.5 g/100 g. When the freeze-thawed potatoes were impregnated with α-amylase by FI, malto-oligosaccharide increased rapidly during the first 15 min and gradually increased thereafter. After 60 min of reaction, the production reached 6.5 g/100 g. It is concluded that α-amylase worked immediately in the crushed potato solution because the enzyme effectively came into contact with the naked starch of the crushed potatoes. On the other hand, the α-amylase impregnated into the intracellular spaces by FI k. Shibata et al. Values represent the malto-oligosaccharide productions at each enzyme concentration. Control: freeze-thawed potato Enzyme reaction time: 60 min enzyme impregnation of unfrozen potatoes produced a maximum of 0.7 g/100 g. This suggests that both freezing and vacuuming processes were essential for enhancing enzyme impregnation efficiency.
Effect of cell wall damage on intracellular enzyme impregnation
The enzyme decomposition efficiency of potato starch by FI was 76%, which was lower than that of crushed potato. It seems that cell walls and cell membranes prevent the enzyme from attacking intracellular starch. To enhance the enzyme decomposition efficiency, hemicellulase was impregnated along with α-amylase.
After a 60 min reaction, the production increased to 8.2 g/100 g, and the enzyme decomposition efficiency increased to 96%. Because the cell walls and membranes were decomposed by the hemicellulase, the α-amylase penetrated effectively into the intracellular spaces, improving the enzyme decomposition efficiency of intracellular starch. However, it was difficult to maintain the potato shape after the simultaneous impregnation of hemicellulase, because of significant decomposition of intercellular substances by the hemicellulase. An alternative method for damaging the cell walls could improve the enzyme decomposition efficiency with good shape retention. In recent work (unpublished), we found that microwave pretreatment is an effective technique for damaging cell walls. This will be reported in the near future.
Conclusions
FI allowed for effective penetration of an enzyme into the intracellular spaces of food materials. This study showed that the impregnated α-amylase directly decomposed the intracellular starch to malto-oligosaccharide in solid potato while retaining its original shape. Malto-oligosaccharide is known to be a functional food component that inhibits the growth of intestinal putrefactive bacterium (Sugawara et al., 1989) . The production of malto-oligosaccharide rich potatoes by the present method demonstrates that FI can be used to produce new types of functional foods. FI induces an effective enzyme penetration deep inside the potatoes and enhanced the efficiency of intracellular starch decomposition. During immersion treatment, the enzyme can penetrate into the materials by osmotic pressure or diffusion (Lenart, A. et al., 1984) . This passive transport could not penetrate a sufficient amount of enzyme solution to effectively decompose the intracellular starch. Moreover, when unfrozen potatoes were subjected to immersion treatment, malto-oligosaccharide production was only 0.7 g/100 g in 60 min, which gave only 8.2% decomposition efficiency. The freeze-thawed potatoes suffered freeze damage and loosened the cell-cell association (Sun, D.W., 2005; Mousavi et al., 2007) . It was thought that the diffusion efficiency, by osmotic pressure, of the freeze-thawed potatoes was higher than that of unfrozen potatoes, thus enhancing the malto-oligosaccharide production in the potatoes subjected to freeze-thaw immersion.
Furthermore, additional enzyme immersion treatment was applied to the freeze-thawed and unfrozen potatoes, wherein immersion was continued during the enzyme reaction at 50℃ for 60 min. The malto-oligosaccharide productions of freezethawed potatoes were 2.7 g/100 g and unfrozen potatoes were less than 0.5 g/100 g, which were below the productions obtained after only 5 min immersion treatment. Those low productivities indicated that the malto-oligosaccharide was released from the tissue immediately after production. Also, Malto-oligosaccharide Production in Potato Values on the figure represent the production after a 60 min reaction and percentages were calculated as the enzyme decomposition efficiency compared to crushed potato.
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